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Abstract 
The effects on the ground distributions of fragments respectively from the explosion of cylindrical and spherical 
vessels were investigated using Monte-Carlo simulations, to explore the characteristics of the fragment trajectory 
term. The results showed that wind shear and turbulence sent the fragments impacting in shorter distances than with 
no wind, and the ground distributions of fragments with wind shear were almost the same as those with turbulence; 
the probabilistic confidence intervals became narrower with increasing number of simulations, and the accuracy of 
the results increased due to the larger number of samples corresponding to the larger number of simulations. 
 
© 2010 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Society for 
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1. Introduction 
 In chemical process industries, the domino effect is a well-known cause of major accidents [1-3]. An 
accidental event which starts at one unit may damage another through heat radiation, blast waves, or 
projectiles. In reality, a sudden explosion can generate many fragments which can be projected over long 
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distances, threaten other sites located in the vicinity, and lead to more severe consequences due to the 
nature of the domino effect. Fragment projection in an explosive accident is one important cause of the 
domino effect on chemical process equipment [4]. The overall domino effect caused by fragments is 
composed of a set of elementary cycles, and each cycle includes three detailed steps: the source term 
(explosion and generation of the fragments), the fragment trajectory term (angles, velocities, and 
displacements from the source), and the target term (impact of and interaction between the fragments and 
the target). 
2. Analysis of previous work 
Some research on the three components described above has been performed in previous work [3, 5-
17]. In recent work [3, 12-15], the mechanical and kinetic features of the source terms (random variables 
such as number of fragments, shape, and mass) were investigated, and the corresponding probabilistic 
distributions were developed using the maximum entropy principle for the source terms. In the fragment 
trajectory term, trajectory equations for the fragments were proposed, and the ground distributions of the 
fragments were assessed. In the target term, probabilistic models of fragment impact were developed, a 
calculation of the impact probability was carried out, and its effects on the probability of impact were 
evaluated. As for target damage, a simplified plastic model for evaluating the probability of rupture with 
high reliability was proposed, and its influence on penetration depth was investigated. However, in the 
analysis described above [3, 12-15], the characteristics of fragment flight and impact, i.e., the fragment 
trajectory term, still need to be improved. On the basis of these findings [3, 12-15], improvements were 
made to explore the effects of the algorithms (wind and number of simulation runs) on the fragment 
trajectory term (the ground distributions of fragments) using Monte Carlo simulations including the 
source terms and the kinematics of projectiles. 
3. Methods 
3.1. Kinematics of projectiles 
As discussed in the references [3, 12-15], the total energy E can be calculated using Eq. (1) from Baum 
[18] when the explosion of a tank occurs. Afterwards, the kinetic energy Ek of the fragments can be 
derived using Eq. (2). The initial velocity of the generated fragments, vO, can be derived from their kinetic 
energy Ek and mass m (Eq. (3)). 
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where p0 is the atmospheric pressure, p1 the failure pressure of the source vessel, γҏҏthe specific heat ratio, f 
the degree of filling of the source vessel, V the volume of the source vessel, and c a multiplicative factor. 
The trajectory of the fragments projected from the exploded vessels results from the combined effects 
of inertia, gravitation, and aerodynamics (drag and lift). Let (O, X, Y, Z) be the set of system axes used 
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for the trajectory description, and let O be the departure point for a generated fragment. For fragment 
movements, the complete movement approach is used [3, 12-15]: 
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where q=1 for the descending part; q=2 for the ascending part; x, y, and z are the fragment center 
coordinates; kD is the drag factor, kD=ȡairCDSD/2m; kL is the lift factor, kL=ȡairCLSL/2m; ȡair is the specific 
density of air; SD is the frontal surface; and SL is the horizontally projected surface. The solution of the 
fragment motion equations can be derived under the set of hypotheses proposed by the authors [3, 12-15]. 
Hereafter, the distributions of the fragments crashing on the ground will be evaluated by means of 
Monte Carlo simulations using the complete movement approach. 
3.2. Source terms 
An industrial explosion may generate many fragments with various features, which can be considered 
as random variables: number of fragments (N), shape and size (fP), mass (m), initial velocity at departure 
(vO), initial departure angles (horizontal and vertical angles, θ and ϕ), aerodynamic coefficients (lift and 
drag coefficients, CL and CD), and degree of filling of the source vessel (f). Based on those previous 
results [3, 8, 10-15], the same probabilistic distributions of these features of the source terms are used here. 
3.3. Characteristics of source vessels 
As a case study, the industrial site installed in Shanghai Chemical Industry Park of China was 
considered, as described in Table 1. A horizontal cylindrical vessel and a spherical vessel (Source A and 
Source B) were considered as the sources (both accidents are BLEVEs). Using the probabilistic 
distributions discussed in those previous results [3, 8, 10-15], the source terms in Table 1, and Eqs. (1)–(3), 
the fragment features (e.g. number of fragments, mass, energy, departure velocity, and angles) at 
departure can be obtained. Then the trajectory and the ground distributions of fragments can be derived 
using Eq. (4). 
Table 1. Characteristics of source vessels in Shanghai Chemical Industry Park of China 
 Source A Source B 
Type Horizontal cylindrical vessel Spherical vessel 
Volume/m3 200 1000 
Vessel diameter/m 2.8 6.2 
Failure pressure/Pa 1200000 1010000 
Atmospheric pressure/Pa 100000 100000 
Mass/kg 25429 121886 
Wall thickness/m 0.024 0.026 
Center coordinates (0,0,0) (40m,0,0) 
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4. Investigation of the effects of various factors on ground distribution of fragments 
The factors include wind and number of simulation runs. The confidence interval approach is 
preferable when dealing with probabilities and convergence analysis. 
4.1. Wind 
Wind shear and turbulence are the two main effects that a variable wind field can have on the flight of 
fragments [19]. These characteristics of wind were considered as the dynamics of a moving air mass, i.e., 
as wind velocity and direction. Therefore, the models used for wind shear and turbulence, discussed in 
detail in the reference [19] can be summarized. Moreover, in the models described above [19], the wind 
velocity can be assumed constant because the velocity of the fragment is much larger than the wind 
velocity and its variations. Therefore, variations in the wind field can be neglected according to the 
“frozen field” hypothesis [19]. 
As discussed above, the results for the distributions of the fragments on the ground with no wind and 
with wind shear and turbulence were obtained without fragment rotation (Fig. 1). The results show that 
wind shear and turbulence caused the fragments to impact in shorter distances than under no-wind 
conditions for Sources A and B, and that the ground distributions of the fragments with wind shear were 
almost the same as those with turbulence. 
4.2. Number of simulations 
The influence of the number of simulations on the fragment distributions was investigated without 
fragment rotation or wind. The number of simulations (Nsim) was successively chosen as 103, 104, 105, 106, 
107, 108, 109, and 1010 simulations. The results are shown in Fig. 2, which shows that there was almost no 
change in the theoretical calculations with increasing number of simulations for Sources A and B.  
The confidence intervals of the probabilities in the range of 0–100m were investigated. 
 
  
Fig. 1. (a) theoretical simulations with no wind, wind shear, and turbulence versus range for Source A; (b) theoretical simulations 
with no wind, wind shear, and turbulence versus range for Source B 
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Fig. 2. (a) theoretical simulations with different numbers of simulation runs versus range for Source A; (b) theoretical simulations 
with different numbers of simulation runs versus range for Source B 
 
 
Using the methods mentioned in [20], the confidence intervals of the probabilities in the range of 0–
100m corresponding to 103, 104, 105, 106, 107, 108, 109, and 1010 simulations for Source A were: [0.13104, 
0.16818], [0.14466, 0.15645], [0.14844, 0.15217], [0.14964, 0.15082], [0.14975, 0.15012], [0.15017, 
0.15029], [0.15013, 0.15017], and [0.15038, 0.15039]; the confidence intervals of the probabilities in the 
range of 0–100m corresponding to 103, 104, 105, 106, 107, 108, 109, and 1010 simulations for Source B were: 
[0.15376, 0.17617], [0.16141, 0.16849], [0.16373, 0.16598], [0.16452, 0.16523], [0.16487, 0.16509], 
[0.16495, 0.16502], [0.16483, 0.16485], and [0.16484, 0.16484]. These results demonstrate that the 
probabilistic confidence interval became narrower with increasing number of simulations, meaning that 
the accuracy of the probabilities increased due to the larger number of samples corresponding to a larger 
number of simulations. 
5. Conclusions 
Monte-Carlo approach to the ground distribution for structural fragments was investigated, for the 
ground distributions of fragments generated by explosions of a horizontal cylindrical vessel and a 
spherical vessel: 
• Wind shear and turbulence caused the fragments to impact in shorter distances than with no wind, and 
the ground distributions of fragments with wind shear were almost the same as those with turbulence. 
• The probabilistic confidence intervals became narrower with increasing number of simulations, and 
the accuracy of the results increased due to the larger number of samples corresponding to the larger 
number of simulations. 
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